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Abstract 
A highly bendable mechanically flexible 3D force sensor for fast distributed tactile artificial skin is presented with 
high force resolution and range. The sensor shows clear selectivity for determining the three components of an 
applied force: Fx, Fy and Fz. A maximum variation of 30% to applied normal forces is achieved in a force range of 0.5 
– 20 N with a linear sensitivity of up to 12% /N. The sensor shows a clear selectivity for applied shear forces in one 
direction in comparison to the other, and can hence be used to distinguish between the two different lateral 
components of an applied shear force.  
 
© 2011 Published by Elsevier Ltd. 
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1. Introduction 
As the field of robotics is expanding from the fixed environment of a production line to complex 
human environments, robots are required to perform increasingly human-like manipulation tasks with 
increasingly advanced levels of interaction, perception and reasoning. To intelligently and safely interact 
with humans and their tools, robots are required to be equipped with a tactile sensor interface that can 
continuously provide information about the magnitude and direction of forces at all contact points - in 
other words, an artificial sense of touch with distributed 3-D force sensing. 
Design guidelines for tactile solutions replicating human skin for advanced robotic manipulation tasks 
include high spatial resolution (down to 1 mm), high force measurement resolution (mN), a large force 
range (10 mN – 10 N for 1 cm2), fast time response (1 ms for one sensor) as well as being mechanically 
flexible for integration on non-planar surfaces such as a robotic finger. [1-3]. A number of sensing 
techniques and solutions for distributed 3D tactile sensors suitable for in-hand manipulation applications 
exists [1]. Of these techniques, capacitive sensing offers the advantages of high sensitivity for a large 
range of forces without direct temperature dependence. A mechanically flexible sensor for fast distributed 
capacitive 3D force sensing combining high force resolution and range for use in artificial skin is 
presented in this paper. 
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
129H. Yousef et al. / Procedia Engineering 25 (2011) 128 – 131
2. Sensing principle  
The sensing principle is based on the use of parallel-plate capacitors with mechanically deformable 
dielectric layers. An applied force deforms the dielectric layer causing a variation in the overlapping area 
of the two plates or the distance between them (see Fig. 1). As this in turn leads to a variation in 
capacitance, the capacitors can be used to measure the applied force. By using a system of coupled 
capacitors, one for the z axis (normal forces) and two with coupled dependencies on z and the shear force 
in the x and y direction, respectively, an applied vectorial force can be broken down into its three separate 
components. 
 
 
   (a)             (b)                 (c) 
Fig. 1 Variation of capacitance due to applied force (blue represents metal electrodes and the white layer is the dielectric layer). (a) 
No applied force. (b) Variation in distance between top and bottom electrodes due to applied normal force (c) Variation in 
overlapping area between the electrode plates due to applied tangential force. 
3.  Methods 
3.1. Design 
In this work, the sensor consists of three capacitors in an area of 2.3 x 2.3 mm2. To optimise the initial 
output capacitance of the capacitor for measuring applied normal forces, Cz, rectangular parallel plates are 
used. The side length of the top electrode in the parallel plate pair is chosen to be smaller than the bottom 
electrode with the distance of the maximum possible shear of the whole structure. This way, when moved 
in the x or y directions due to applied shear forces, the overlapping area will not vary, and Cz is only 
sensitive to variations in the normal direction. 
For applied shear forces, the maximum variation in output capacitance of the capacitors is proportional 
to the maximum variation in the overlapping area of the plates. This variation in area becomes small 
compared to the initial capacitance when rectangular parallel plates are used. By dividing the electrodes 
in Cx and Cy into a system of smaller interconnected electrodes, this variation in overlapping area is 
increased, increasing output capacitance per applied unit force and hence sensor sensitivity. To be able to 
distinguish between the x and y components of the shear force, the overlapping area should vary due to 
shear stress in only one direction. The capacitor design presented in this paper (see Fig. 2) fulfils these 
two points. To optimise the relative variation of the side length of the variable area relative to the initial 
area, the width of the legs is put to be equal to the maximum possible shear of the structure. Here, Cx and 
Cy will still be sensitive to the force applied in the normal direction. By measuring Cz, the capacitance 
variation due the normal component of the applied force can be calculated and subtracted.  
3.2. Fabrication  
The sensors consist of two copper parallel plates on 25 ȝm Kapton foils separated by a ~35 ȝm 
polydimethylsiloxane (PDMS) dielectric layer. Metallic layers are included on the outer side of the 
Kapton foils for electromagnetic shielding. The copper parallel plates are each defined by lithography and  
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Fig. 2 Top view of one set of the sensor capacitor plates. 
Each of the capacitors is sensitive to applied forces in a 
specific direction (top right in the z-direction, top left in the 
z&y directions and bottom in the z&x-directions). 
 
 
Fig. 3 Sensor characterisation setup. Substrate consists of 4 
sensors, each consisting of 3 capacitors. Artificial finger is 
automatically moved vertically and laterally by a 2μm 
resolution stepping motor. 
 
subsequent wet etching of copper on 25 ȝm thin metallised Kapton foils (Pyralux, DuPont). A layer of 
PDMS (Sylgard 184, Dow Corning) is spun onto each layer of copper plates, and the two layers are 
aligned and brought together into contact after bending to the required curvature radius. This way larger 
curvature radii can be achieved. A top view of the bottom electrode layer showing the three different 
capacitors is shown in Fig. 2. 
3.3. Characterisation 
The flexible sensor is applied onto a PCB substrate and connected to a sub-femto Farad capacitance 
acquisition board (home-built). The 3 capacitors in each sensor cell are connected so that they can be 
measured separately. A soft silicone artificial finger is put into contact with the top surface of the sensor 
(see Fig. 3). Normal forces are applied by pushing the finger down onto the sensor resulting in an applied 
force range of 0-20 N. The full contact area of the finger on the sensor is 1 cm2. Shear forces are applied 
by pushing the finger up to 2.25 mm in the each lateral direction under compression. The magnitude of 
the applied shear forces is currently not characterised due to equipment limitations. 
4. Results and discussion 
The relative variation of the output signal of the sensor to applied normal is shown in Fig. 4. It can be 
seen that the sensor has force detection range in the normal direction of at least 0.5 – 20 N (the higher and 
lower limits are defined by equipment limitations). The sensor shows a linear response to applied normal 
forces with a sensitivity of 12%/N, 2.5%/N 0.6%/N in the applied force ranges of 0.5 – 2 N, 2 – 3 N 
(transitional range) and 3 – 20 N, respectively. The force measurement resolution is in the range of tens of 
mN. Preliminary results on the relative variation of the capacitor dedicated to measuring shear forces in 
one direction (x) showed a clear selectivity to that direction in comparison to the other (y) (see Fig. 5). 
When compressed at 3 mm (corresponding to a normal force of around 3.5 N) and an applied finger 
lateral stroke of 1.25 mm, the sensor shows a maximum variation of 2% in the x-direction, and 0.1% in 
the y-direction. The relative variation increases with larger applied stroke of the finger; at the same 
compression and a stroke of 2.25 mm, the sensors show maximum variation of 6%. However, in this case 
the variation in the y-direction also increases. For higher strokes, the variation does not increase 
significantly as the finger begins to move outside the sensor area. The  relative  variation to applied  shear  
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Fig. 4 Relative variation in sensor signal due to applied normal 
forces. The sensor shows linear variation to applied force with 
three sensitivities: 12%/N in zone I, 2.5%/N in zone II 
(transitional zone) and 0.6% /N in zone III. 
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Fig. 5 Maximum variation of sensor output due to forces 
applied in the lateral directions (x and y) at constant z stroke. 
The top and bottom curves corresponds to finger strokes in the 
x and y directions, respectively. The measured sensor is here 
designed to be sensitive to forces in the z and x-directions. 
 
 
forces decreases with increased forces (e.g. the relative variation decreases a factor 2 when the applied 
normal force is increased a factor 2). Measurements show that the outer metal layers efficiently serve as 
electromagnetic shielding layers, preventing signal variations due to projected field disturbances induced 
by the artificial silicone finger when approaching and touching the sensor surface. 
5. Conclusive remarks 
A mechanically flexible 3D force capacitive tactile sensor for use in artificial skin is presented. The 
sensor consists of a system of three capacitors in an area of 24 x 24 mm2, one for each force component. 
The sensor shows maximum variation of 30% to applied normal forces in a force range of 0.5 – 20 N with 
a linear sensitivity of up to 12% /N. Preliminary results show that the sensor shows a clear selectivity for 
applied shear forces in one direction in comparison to the other, and can hence be used to distinguish 
between the two different lateral components of an applied shear force. Further work will be performed to 
fully characterise sensitivity to shear forces, as well as to investigate the full operation range of the 
sensor. Further work also includes stepping out the sensor into sensor arrays for distributed sensing, as 
well as further miniaturisation to achieve suggested design guidelines for artificial skin. 
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